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INTRODUCTION 

1 . 1 General - 3 i no e *. h e *: > eg 1 r in i v- ? 

tions, there hav? te^n la .rear: \ r.o- a*:-nt. 

craft have either r' r off ; he e o ' /••*:• 
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government agencies c ;v v ^:. . r 
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Much of the research h /^n i ~o eotab L ; ,.d 

mechanisms associates : r - nr::., ct. Ln 191 3 . a of 

friction measuring vehicle: v-r... tented at NASA Pallor: 2 tat lor, Virginia, to 
ascertain the suitability of the variant vehicles for measuring friction in a 
repeatable manner and for providing an index that might be correlated with 
aircraft stopping performance and/or used to produce information which could 
be used as an operational guide to pilots during inclement weather conditions 
(ref. l). As a result of these and subsequent tests, two ground vehicle 
measuring methods emerged, each showing promise of correlating with aircraft 
stopping performance and each showing capability of becoming the basis for an 
operational technique. The two methods are the NASA diagonal-braked vehicle 
(DBV) and the British Mu-Meter. Although testing to date has produced data 
which indicate reasonable correlation may exist between these vehicles and 
some aircraft, sufficient experimental data has not been obtained to show that 
such correlation would apply over the range of operational aircraft types and 
slipperiness conditions likely to be encountered in scheduled air carrier 
operations. 
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1.3 


Joint FAA- US AF-N A3 A Punvav Research Pr 


-ur. - 


establish 


further the degree of stopping distance correlation that mg nt bo obtained 
between modern jet transports and ground friction r-casurement vehicles over a 
wide range of slipper 'I ness conditions, the FAA , TJ3AF, -nr: MV*A art- conducting 
a "Joint FAA-USAF-NASA Runway Research Pro ip* am . ” 


Phase I - Tv o mo d e r n j e t t r f c . ■: r 0 r t s h a v e bee: • e see i 
along with the ai agon a. I -braked vhic^ ai.u Ma-Mefcr 
cn several runways which when vetted cover tri-- range 
cf slipperiness likely to be encountered In the United 
States. There tests were designed to deter mi ne if 
correlation between the aircraft and friction measuring 
vehicles exists. 

Phase II - A computer study of several modem civil/ 
military jet aircraft anti-skid braking systems will 
be conducted to ascertain which parameters have major 
influences in aircraft/ground vehicle correlation. 


The program was designed to validate the adequacy of the existing techniques 
or to identify the need to proceed in the further development of ground fric- 
tion measuring vehicles. 


l.U 

were conducted during the period of Octote 


Test Team - The tests of the first airplane in Phase I. a Boeing 727, 

1971, (NASA LVT-101n'. The 


tests of the second airplane in Phase I. h Douglas DC-9 , were 


ecru 


■'ted 


uring 
the 


the period of February 12-2% 1972. The re .t -.ear. consisted of members 
three government agencies, and representatives from the following in dust rv 
organ i z at i ons and foreign government s i The Boeinc Como any ; The Douglas Air- 
craft company ; Aerospace Industries Association; Air Transport Association ; 
United Airlines; Air Line Pilots Association; Mirnstrv of Transport, Canada; 
Ministry of Defense and Air registration Board, touted Kingdom; Oer t r Q D' T ^ r - 


Kingdcr 


Hyi; 


: ai re , 


En Vol , Bretigny, France; M. L. Aviation Ltd., Ur.i- 

Inc . In addition, at several of the test sites, observers from other organi- 
sation^, such as Airport Operators Council, Tnc. , etc. , were present. 


p 5 . Logistics - Logistics support for the DC-9 tests vas provided 

initially by a USAF C-lUl and later by two USAF C-130 aircraft. These aircraft 
transported the two ground vehicles, spare wheels and tires for the test 
aircraft and DBV, runway markers and miscellaneous measuring equipment, and 
the USAF and Douglas portable phototheodolites. The test crew and test air- 
craft instrumentation spares were transported between test sites on the DC-9 
test aircraft. A test crew of 36 people was necessary for the efficient con- 
duct of the DC-9 test program. 


1 * 6 Purpose _ This paper presents the preliminary data obtained from 
the DC— 9 aircraft, diagonal-braked vehicle, and Mu-Meter tests conducted in 
February 1972. 


2.0 TEST EQUIPMENT 

2.1 Aircraft - The second Phase I test airplane was a Douglas DC-9-15 
Jet transport with two rear mounted Jet engines depicted in Figure l(a). The 
maximum authorized landing weight for the airplane tested is fll,700 pounds 
using full landing flaps. Maximum brake application speeds varied, according 
to weight from 129.3 to 100.1 knots. The test landing brake '-'.ergy range 
varied from a WV? of 7.13 x I0 8 ib-kt2 to 13.73 x 10 8 lb-kt?. Some taxi tests 
at lower energies were conducted. 

During the time period when the aircraft was being instrumented at 
the NASA Langley Research Center, the anti-skid control valves, skid detectors, 
and^MARK II anti-skid control box were removed from the aircraft and sent to 
the manufacturer for inspection and functional test. Components were checked 
for proper operation, refurbished as necessary, and were returned to Langley 
for installation on the test aircraft. This check was made to insure that the 
aircraft anti-skid components were within specified tolerances and near peak 
performance for the flight test program to follow. During re-installation and 
checkout cf the MARK II anti-skid control box cn the test airplane, a discrep- 
ancy developed in the control box circuitry. A spare MARK II control box had 
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Institute 


to be substituted and was used for the test program. The su 
control box was sent to the Manufacturer for the factory fun 
the test program was comply mi and was found hr be vv r- r. fa 

tions . 
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2.1.2 Stopping d: 

app 1 i o at ion v e re n he r. : 1 :n 1 i 
stopping performance . Th*. ‘ 
these p rl n c i p ai c r ame - 1 r . ; 
additional itens whi .-n ve.o. 
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the anti-skid braking -;yo* ‘-r an i r ro ! r air he s *r • ■ : n - ; <•* c 

a tnc rough evai uan. ion ^ • - oi.uu ■ r;. . . r . - ; ■<: * -;r .r : ro - . o 

nose wheel counter and v-v I'ooiao an i UIA7 r:r *. t. r ? V'OO need 

record the orincioai pare.!!- on t c i o n -m e c omr e t r -n n * ; o..rc ei? d ~ i'u* of 

these items . A signal bl'-ck iiagron of the : n n'-oo* , .T*~ed in t obi e i 

is shown in figure 2. The accuracy of each of the in-’ truoent non torn is 
listed in table II for the o;ic: ilcgraph system and in tabje II for the 
magnetic tape system. Figure j shows the main instrumentation rack and figure 
h shows the Aldis lamp installed cn board the DC-9 aircraft which was actuated 
at brake application. The light was used or a reference for the ground photo- 
theodolites . 


2.1.3 The nose wheel counter consisted of two magnetic pickups mounted 

on the nose strut of the aircraft, a ring with l 60 segments and two small 
steel masses mounted l 80 ° apart on the right hand nose wheel, figure 5(a). 

The signals generated by the segmented ring produced a ground speed output 
which wets displayed visually in the cockpit, figure 5(b) and fed to a magnetic 
tape channel for permanent recording. The distance signals generated as 
each of the two steel masses passed the pickup were fed to a digital counter 
in the cockpit, figure 6 , and to a magnetic tape channel for permanent 
recording. 


2.2 Diagonal-Braked Vehicle, IBT - The di agonal -braked vob:c> i r= 

1969 Ford XL sedan with a hi *;h iver f orman ce engine f > r 1 * 3.11 i acceleration 
the test speed of 60 ir.rh. This vehicle is equipped with a diagonal Irak 
system to maintain vehicle stability an i directions. , rtrol when t he dl 
wheels are locked a* high speed. The iiagcr.al-brakcd wheels nr^ fit*" ri d 
ASTM smooth tread tent tires ( sreM f 1 r at \ on F-fTOi '* nfiat^d to '*•* psi. 
unbraked wheels are equipre \ w th -•fandard rca-’ Mres of o M * >-c : 

inflated to 32 psi. The tracking wheel tire is maintained i ";t Id psi inf 
pressure. The vehicle is shown .in figure 1(b). A sc nematic ding: or of 
diagonal braking system is shown ir. figure 7 . 
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2.2.1 The stopping distance, speed, and acceleration instrumentation cn 

board the DBV is listed in table IV. The key elements of instrumentation are 
depicted in figure 8. Figure 9 shows typical DBV recorder traces for test 
runs conducted on dry and wet runway surfaces. The key param»t^r changes 
between the dry and wet conditions are the longitudinal acceleration sod the 
time required for the DBV to stop. For the wet condition, the reduced 
longitudinal acceleration causes the increase in time ard stepping iir.tsr.ee 
over that of the dry’ case. The primary brake application speed and stepping 
distance measurements used in the analysis of this report are variables n and 


respectively of table IV which are obtained from NASA standard instruments. 
The stopping distance instrumentation was calibrated by driving the DBV over 
a 1000-foot measured distance on a straight airport taxi way or cr. the run- 
way test section. 


2.3 Mu-Meter - The Mu-Meter is a side force mentoring trailer shewn 

pietorially and graphically ir. figures 10 and 11. The - • r , ; v irht of the 
-railer is approx-.mateoy i / o p c 1 n u s . it may be tewe 1 bv an uuT, cmobile cr 
light truck when equipped with a suitable towing hitch. 


2.3.1 The Mu-Meter instrumentation consists of a -hart, recorder, figure 

12, driven by the rear center wheel. The chart speed is an an cod such that 
1 inch on the chart is equal, to approximately L50 feet, of runwav length. The 
chart recorder has two channels: one fer recording the side force friction** 

reading, hereafter referred to as friction reading, scale 0 - 1.0, and the 
other for use as an event marker, bulb operated. Figure 13 shows the Mu-Meter 
chart traces made on the dry runway, at Lubbock and before and after aircraft 
run hj on the same runway after artificial wetting. The Mu-Meter friction 
reading is calibrated according to the instruction manual (Ref 2) by means of 
a friction board having a standard surface texture provided with the Mu-Meter. 
The tires that measure the side force must be inflated to 10 psi. The tire 
driving the recorder must be inflated to 30 psi. The Mu-Meter used in these 
tests was also fitted with a remote reading unit which provided an integrated 
average friction reading over the entire surface tested. 


2 ‘ k Wetting Equipment - The equipment used for artificially wetting the 

runways varied from airport to airport, but generally consisted of from one to 
three tank trucks varying in capacity from 3000 gallons to 8000 gallons. Most 
of these vehicles used a pump to discharge the water at rates varying from 
500 to l 600 gallons per minute in order to get the maximum amount of water on 
the test section in a given time interval. A typical tanker truck wetting 
operation is shown in figure lL. 


2-5 Miscellaneous Equipment - Miscellaneous test equipment consisted of 

runway markers, figure 15, to identify the test section, NASA water depth 

, (Ref 3) figure 16, for measuring water depth, a surface texrture depth 
kit, (Ref 3) figure 17, and miscellaneous data gathering equipment including 
a portable anemometer, Rolatape, thermo-electric temperature gage and a 
portable psychrometer. A USA? portable phototheodolite and a Douglas 
portable phototheodolite, figure It, which were set up approximately 1000 feet 
perpendicular to the runway centerline at the approximate midpoint of the rur- 
way test section were used to record aircraft and DBV stopping distances. 

3.0 TEST PROCEDURES 


3-1 Test Sequence - Two basic test sequences were used - one for dry 

surface tests and one for wet surface tests. 

3.1.1 . For the dry surface conditions, the DBV t i the Mu-Meter generally 

made their initial tests prior to the first aircraft stopping distance test. 
On occasion, a second series of dry tests with the ground vehicles was made 
while the aircraft was down for refueling. 

1 * 


3.1.2 For the wet surface conditions, the test sequence used is sum- 

marized as follows: 

1. Water tankers wetted the runway test section in two 
continuous passes. 

2. Water depth measurements were made at each measuring 
station immediately after the second pass of the 
water tanker and before the initial ground vehicle 
runs . 

3. Initial ground vehicle measurements were made. 


U. Aircraft landed and stopped. 

5. Water depth measurements were made at each measuring 

station. 


6. Second ground vehicle measurements were made. 

7. Water depth measurements were made at each measuring 
st action. 

Wetting Procedure - Artificial wetting of the runway test section 
was accomplished using from two to three water tankers. The rate at which 
water was discharged from the tankers was used to establish the speed of 
the vehicles so that all water was expended at the end of the second pass 
down the test section. The tankers made the initial vetting pass in a direc- 
tion opposite to that of the landing aircraft and a second pass m a direction 
the same as that of the landing aircraft. The center UO to 50 feet of 
the runway test section was wetted. The time to wet the test section for 
each wet test and the amount of water used is listed in table V. 

3 3 Water Depth and Atmospheric Data Measurements - Water depth 

measurements were made at six stations (runway markers A through G) spaced 
down the length of the test section as shown in figure 19- Measurements o. 
water depth were made at each station using the NASA portable water depth 
gage. These measurements were made on and at 10 feet either side of the 
runway centerline. The first measurements were made immediately after the 
water tankers passed each station on the second wetting pass. j 6 

of measurements were made after the aircraft landing and stop and the t..ird 
set of measurements were made after the final ground vehicle runs. The 
average water depths at the time of aircraft stopping test is shown for each 
test in table V. Table VI presents the average water depth as a function 
of time relative to the aircraft test. The average water depths in table v 
were obtained by plotting the data of table VI. 

3.3.1 Atmospheric data, consisting of wet and dry bulb temperatures, 

relative humidity, wind speed and direction, barometric pressure and runway 
surface temperature were taken at the time of each aircraft test. These date 

are listed in table V. 
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3 .* 


Aircraft Test Procedure - For maximum braking stops, the aircraft 


was landed short of the test section at a speed sufficiently in excess of 
the desired brake application speed so that the nose wheel could be placed on 
the ground, the win lift spoilers could be raised and tne engines could be 


spooled down to idle rpn ; approximately o seconds spool 
time the threshold of th: test section was reached* ■>:. 
section, max imur. brakes v e re a or \ n 1 1 y a p pi i ed a” d n o i d 
position until tne alrolo .? came t,c a com tLete stop. A; 
procedure was required A os:ro the aircraft ch-' 

with wheels locked* The vac : rai ‘SCructel; h:, 

exiting the vetted test etc ’ ar.a reapply Vra.- :c • 

On three occasions tne ai:"raf*. exited tru- wetted ! 


lovn time) by the 


,j x cent ion 

* . x .j ► c +. 




- X' '■ 

s e c t .. 


ring .he test 
maximum "ON" 1 
! on to this 
st scot Lor. 
brake:; upon 
cry surface, 
prior to 


stopping, necessitating tte release and reappii ration of crates as the 
transition from vet to dry surface was made. Tills procedure vss f ol loved 
even thevyh, for these runs, the main wheels die not lock up while in the 
wet section. The procedure was designed to prevent excessive flat spotting 
in case locked wheels had occurred and the airplane transitioned from a wet 
to a dry surface with wheels rocked. A correction to the stopping distance 
was necessary as e result cf using this procedure. The correction is de- 
scribed in paragraph 4.1.4. 


3.5 DEV Test Procedure - The diagonal-braked vehicle was operated in 

accordance with the following procedures: The car is accelerated to approxi- 

mately 65 mph prior to reaching the test section, the transmission is then 
placed In neutral at a point which will result in a speed of 60 mph being 
attained at the point of entry into the test section. Upon entering the test 
section, maximum brakes are appxied, locking the two diagonal- braked wheels 
which are equipped with the ASTM smooth tread tires. No braking torque is 
applied to the other two wheels which are free rolling to provide directional 
control. Maximum brakes are held "ON" until the car has come to a complete 
stop. Two, and sometimes three, stops were made within the length of the 
test section. Where only two stops were possible, other segments of the test 
section were measured on subsequent aircraft tests, if needed. Basic DEV 
data for the dry surfece tests are included in table VII, and data for wet 
surface tests are included in table VTJI. Table VIII shows the test results 
in relation to the time of the aircraft, test. 


5.6 Mu-Meter Test •Tocedurc - The Mu-Meter wee operated in accordance 

with procedures developed in the United Kingdom {ref. ?) . For each run the 
towing vehicle was accelerated to the selected ovine velocity, usually •+£) 
mph, prior to entering the test section. This velocity vss held constant for 
the run through the test section. Some data were also obtained at speeds 
other than 4 o mph. The basic Mu-Meter data for the dry surface conditions 
are included in table VII and the basic wet surface data are included in 
table VIII. The latter is shown in a time relationship to the aircraft test. 


4.0 DATA. REDUCTION PROCEDURES 

4.1 Aircraft - The nose wheel revolution counter (2 pulses /revolution) 
and ground speed meter were installed in the cockpit of the test aircraft 
(See figures b and 6) to provide "quick-look" capability in tne field for 
measuring aircraft stopping distance and ground speed from the point of 
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brake application. In order to obtain the appropriate calibration factors 
for these instruments several calibration runs (runs 1 through 5) were made 
at NASA Wallops Station to establish an accurate nose wheel tire rolling 
radius. These initial calibration runs were later supplemented with similar 
runs at Edwards AFB and at Edmonton International Airport. Calibration 
factors obtained from the calibration runs were used to obtain the "quick- 
look" brake application ground speed and stopping distance (from brake appli- 
cation) values listed for the aircraft test runs in Table V. 

1.1 It must be emphasized that the values of aircraft stopping dis- 

tance and brake application speed listed in Table V were subject to possible 
reading or recording errors by the flight crew and it was also possible that 
spurious counts could have been generated if the pilot partially engaged the 
brakes prior to applying full brake pedal deflection upon entry into the test 
section. Thus, during the data reduction process the magnetic analog tape 
records of all aircraft calibration and test runs were analyzed to validate 
the nose wheel "quick-look" data given in Table V. Figure 20 shows the 
rtriition of feet per nose wheel count with aircraft ground speed. An average 
nose wheel tire rolling radius of 1.0218 feet over the test ground speed 
rang? was determined. This results in a calibrated nose wheel tire circum- 
ference of 6.42 feet. These data were used as described in 4.1.2 and 4.1.3 
below. 


4.1. 2 The aircraft ground speed at brake application was determined in 

tw ways to insure accuracy and to provide a check against possible errors 
in the Alta reduction process. In the first case the number of nose wheel 
pulses obtained from the noae wheel distance counter, taken from an analog 
print out of the magnetic tape record, were counted over several seconds just 
before and after brake application. The pulses per second were converted to 
noae wheel revolutions per second (i.e. , 2 pulses per revolution) and thence 
to aircraft velocity in accordance with equation (1). The results were 
plotted against time and the aircraft speed at the time of brake application 
waa determined from this plot. In the second case the magnetic tape recording 
of the nose wheel velocity pulses (160 per revolution) was processed to 
produce a digital readout against time and the number of nose wheel revolu- 
tions per second occurring at the time of brake application was used to 
obtain the ground speed at brake application as follows: 


N x 6.^2 
Bg 1 .689 


3.801 N 


( 1 ) 


where 

Vgg = brake application ground speed in knots 
N = nose wheel revolutions per second 

6.42 * calibrated circumference of the nose wheel tire, feet 
I .689 = factor to convert feet per second to knots 

The two methods yielded results that were, in general, within one knot of 
each other. The velocities obtained from the nose wheel velocity pulses are 
used in this paper. 

4.1.3 The aircraft stopping distance from the nose wheel counter was 
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determined in similar fashion oy riand counting the number of nose vheel 
pulses from brake application soeed to a complete stop from the magnetic ana- 
log tape test records and by use of the equation: 


■' t ^ r 



The values of brake abdication ■ground speed and aircraft stopping distance 
obtained by these data reduction teeV iques from the nose wheel instrumenta- 
tion measurements are listed in Table IX, and are the data points which 
should be used ir. any analysis. 

4.1.4 In three instances the aircraft exited the wetted test section 
before coming to a complete stop. In two of these Instances, Runs 4-4 and 56 
at Lubbock, the distance remaining to stop from the end of the test section 
and from the te6t section exit speed, had the wet runway been available, was 
determined by examining the plots of figures 2l(b), and 21(c). It can be 
seen from these graphs that at the lower speeds the data from all wet runs 
merge and follow a common fairing to the stop point. Thus for runs 44 and 56 
the appropriate carve was entered at a value corresponding to the exit ground 
speed squared and the distance obtained was added to the distance from the 
brake application point to the end of the wetted test section to obtain the 
total distance. Run 66 at Edwards had the wing spoilers retracted and was 
not corrected for actual stopping distance. The value shown in Table IX 
represents the length of wetted test section traversed from brake application 
point to exit point. 

4.1.5 Douglas Aircraft Company processed and reduced the test film 
acquired by its pho*. otheod elite rin, the test pro • ram uslrv- standard Douglas 
film data processor, procedures. Values of brake application ground speed and 
aircraft stopping distance obtained by this theodolite are also listed in 
table IX. 

4.1. (., At Edwards AFT . the USAF obtained measurements of aircraft crake 

application speed ar.d stoppin distance ririo t •: t runs from data obtained 
by operating its fixed (tower) ground phot otheod oi i t o equipment. This was in 
addition to dete acquired at each test runway be operatic; its portable 
(ground phototheodolite during test runs. The measurements of aircraft crake 
application 6peed and Iraki. g distance obtained oy the Edwards ground photo- 
theodolite are presented alon L with the NASA nose vheel counter and Douglas 
phototheodolite instrumentation in table X. It can he seen from this table 
that the USAF data for speed and distance are in ood agreement with the 
NASA and Douglas data obtained at Edvards AF5. Data obtained by the USAF 
portable phototheodolite during the test program are still being reduced by 
USAF and, therefore, are not available for incorporation in this paper. 
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4.1.7 Observers stationed along the runway noted the points on the run- 

wsy during each test run where an Aldis lamp mounted Sn the cabin of the air- 
plane (electrically coupled to the pilot’s brake pedals) was turned ON and 
by pilot brake .plication. Th. distance between the brake JPPUc.tlon 
and aircraft stop points along the runway were measured ar^ no.ed in .ab^e 
V and S Thi^vas a backup quick-loo, method for measuring aircraft bras.ng 
distance and is not considered accurate. 

418 In response to questions regarding methods of data presentation 

for the B 727 in LWP-101 the aircraft stopping distance data have been re- 
teed by ;2Ie method. In this perer tb detc^ice te ejects of 

these various methods on comparisons with whe on-/ ^u-..e-er ^ ^ method 

W\T, or energy method, of displaying the test ^ata is the pr.ferre.m~i. 
of one large aircraft manufacturer while the V method of presentation o 
lleZJeTTy another large aircraft manufacturer. In addition, Douglas data 
Suc^n equations vere^sed to correct the aircraft test data to staterd 
weight . sea level, and zero wind conditions. This method labeled ev A ew 
te^l^d in order to ...... the effect, of «ri.ble. euch « •»** 

altltte7elrcr.ft gro.. «lgbt end wind on alrcraft/ground vehicle coreele-^ 
f irm. Each Of these reduction methods is discussed separately in the fol 
ing paragraphs. 

4 1.8.1 The wv! method involves plotting the dry stopping distance at 

ail* test sites against airplane energy at brake application which is r fP r '*~ 

L ^ wv 2 where V n g the brake application speed in knots 

** n l w iB y the aircraf t B §e ight in pounds. These plots are then used to obtain 
the aircraft wet /dry stopping distance ratio in the following namer. Th ® 
i£c£TS stopping distance is determined from the ^ 

oi fn7thT vgiue of Vrr associated with the wet run being examined and that 
distance is then divided into the measured wet distance to obtain theair- 

iz riLsr n-i’ss sn^iKnfgr 

2;»s: ?s“tS%^L‘ditir:r:nii.kid^r.ki„ E 

system performance between the different test runs. The 

rounter data rive the aircraft a shorter dry stopping distance for a given 
w ^han the Su'-las data. The reason for this difference may he Jeter- 

Som examination of figure 23. In Funeral, the Douglas photo theodolite 
vields shorter stopping distances and lower velocities than the NASA ins 
«teUon? Ste. the velocity term la aquared It become, the dominant factor 
in the difference of the slope of the faired lines of figures 22(a) and 22( ), 
for example. A brief investigation into the differences in distance «d 

velocity between the two measuring systems does not “J Wallops* 

Z the case of the nose wheel counter, calibration runs were made at Waliops, 

Edwards and Edmonton. The results are shown in figure 20. tbe ° f 

»1 ^theodolite, it is noted that the majority of the veiocity 
potnSlhat Tre lower than the nose wheel counter points result fromd.ta 

obtained when the angle between the aircraft cent ^ n ® /jje p lTwe*e ^larger, 
■mail, thus subjecting the results to more error than if the angle were larger 

Additional analysis is required to determine the reason for t 


As shown in figure 23, the SDR f s determined from Douglas phototheodolite data 
generally tend to be somewhat lover than aircraft SDR calculated from NASA 
counter data. Because of general agreement shown between NASA counter data 
and Edvards phototheocolite data(see table XHhe NASA counter data is used 
exclusively in the date analyses. 


■*.1.3.2 
forma nee 
from the 
aircraft 


The sec or- 
util ites plr- :: 
fact, that , 
storoing 



va 1 uate 
t ce / . T‘; 



the sir era 
rcy f quati 


stopping per- 
s method stems 
applied to 


rW 


.it re 


Mas 


V - Velocity, fps. 

p = 32 . 17 ^ ft /sec 2 

(.■ = friction coefficient 

S = Stopping distance 

* Decelerating force, ib. 

Thus ,, _ V 2 shoving that stopping distance 

2 yg 

is directly proportional to V# The test data were, therefore, plotted in 
this fashion in figure 2u. The fairing of the curve through the date points 
was influenced by the shape of the individual runs shown in figure 21 vhlch 
show that at the lower values of V the dry stopping distance data is inde- 
pendent of weight effects. The data 6 scatter is influence.* by the same factors 
which were identified in 1.3.1. The plots ere used in the same manner as 
the WV 2 0g plots to determine the aircraft SDF. 

V.l.8.5 The third reduction method used follows the Douglas Aircraft 

Co. procedure of reducing aircraft flight test data to sea level, zero wind, 
standard weight condi .ions. The following equations were used; 


where 

S w = stopping distance at sea level, zero wind, standard weight W £ , feet 

S = actual teat stopninr distance, feet 

g 

V w = wind velocity parallel to the airplane centerline (+ head wind, -tail 
wind), feet per second 
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WWiM -^*t«4Sr> « y- 


■^4»^’ 


t = time from brake application to stop, seconds 

V 

At = — where dV 
dV/dt d*. 

Y = runway slope 

g = 32 - 1 ' ft one 1 

W t , - aircraft rtsula.rd we i 

O 

W - aircraft rest wl ai, 


i lope of ztc air?, ra : t -■• ~ lc e . 
se i orris 


-e ?.* 2 -/e at stop. 


ev 


V • \ ij 

V 


(t 


\ 

i 


where 

= aircraft airspeed at G.L. , Std wt. 


V 

C 


V 

w 


a 

Vf 


w 


ground speed, feet per second 

wind velocity parallel to the airplane centerline {+ head wind,- 
tail wind) , feet per second 
air density ratio 

aircraft standard weight - cxj , 0O rounds 
aircraft test vet; ht, pounds 


Since the runway test sections involved in. tnesc tests ha 
slopes the contribution to f onying di3tar.ee of the slope 
The resultin. versus V" ru plots ‘ire snev:. in figure 1 
the data thus produced is scon t.o -e similar to that of f 
case of the Mark II antiskid system, but considerably mcr 
in the case of the Mark IIIA antiskid system, .’fair. , - :.e 
in the same manner as previously described to deter tine 


minimal runway 
tern van r.c, lectcd. 
scatter of 
in the 
than figure 2l(b) 
e s;Oi.s are used 
;e airoraf T SDP. 


4.1.9 In order to determine the consistency with which tne aircraft 

stopped on the various wet and dry surfaces, plots of stoppin distance 
versus v were made from brake application down to a step. Tne date for 
these pl&ts, figure 21, were obtained from the nose wheel counter magnetic 
tape records which were dignitized using standard NASA computer processes. 
Date points were obtained at one and two second intervals and the nose wheel 
distance and velocity pulses were converted into velocity and distance in 
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accordance with the equations (l) and (2)* 

-.1.9*1 Examination of the plotted data of figure 1 shews that the 

test aircraft performed .,.i a vor;: consist' — nearer i • -ry surfaces in 
that a ft or the antiskid system tad steM" i v..c ti r. distance versus 

V2 plots coincided. In .vie.;* • , a;. ever a con:; ' : : ;• L; .he variation 

of aircraft stoprln - die" ro.io v- i to rr>cu an . ;:■■■•: ; n r n was made usin 

the data plots of un,-: ' ;late sir * u: htf , to; r hit distance 

ratios at various speed.*, onn.' htin-* that r.;.^ Rirn i. i in n star ilir.ee 
braking mode. The m: ;1 ■ ■ *. ■ m •, . — v ---.h: t^ere in 

but a small variation 7: .Tin )vo n tue normal iie\ nt;. rm. e of from 
1.2 Vcrp ^yp down to 7,„.. r . Tin maximum ran ? .v initial rak* aupf ication 
speed shown in :i . or? ; *ni ro .tie nnutv: ns v j--. at ? • • n' ' pound 
weight and the maximum as ^ 7 at trie yurinum cirvili-u; i ending wei.ht 

of 81,700 pounds. The .7..?'in of fi ore 7 were extend'- i • > wr speeds to 
determine the speeds a" which tne hDR’s beyi ^ n dr tart s; nit mantle fi'orn 
those values experie nced > ; tne normal ra t e of . it Lai “'eht, speeds. 

4.1.10 Data which were recorded on the magnetic aralo* tape were 

digitized, converted to ear ineering units, and displayed in the form of time 
history plots. In addition to these time histories, a urahirv coefficient 
of friction has been computed as a function of time from the taped records 
of longitudinal acceleration and nose wheel velocity. In this computation 
nominal values of the aerodynamic coefficients for the aircraft in normal 
braking configuration and en vine idle thrust have coo-., used. The equation 
used for the computation of the braking coefficient of friction was derived 
from considerations of the longitudinal equation of motion end the equili- 
brium relations in both the vertical direction and e-out the pitch axis of 
the airplane. The equation, is shown : clow: 



+ ! ( 'Km, - x*,'sin 3 - cos ft i L r 

i t o 


where q = l/2o(V v + r w )" 

O TJ 

and - aerodynamic drag coeffi elect 

C = aerodynamic Lift coefficient 
L 
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C = aerodynamic moment coefficient 
M 


c - wing reference chord length 

g = acceleration of gravity 

o ~ dynamic pressure 

r = nose wheel rolling radius 
o 

S - wing reference area 


w 


V 

v 


W 


x 


X 

ac 


x 

eg 


X 

M 


x 

N 

Xt 

z 

ac 


= wind velocity 

- aircraft weight 

- measured aircraft acceleration 

= longitudinal position of aerodynamic center 

= longitudinal position of aircraft center of ,xavity 
*• longitudinal position of main wheel 
longitudinal position of nose wheel 

ar l «f -t-etvA., '' -ft ,JUJ, r- 

~ height of aerodynamic center above the ground 
= height of effective thrust vector above the ground 



P - thrust vector angle to horizontal 
Y = runway slope 

P = braking coefficient of friction 
M r * rolling wheel coefficient of friction 


p = atmospheric density 


T 


- engine thrust 


oo nose wheel r itetional sneed 
II 


*.1.11 During 

t-pprA. a pare.it that, 
differ* t: cor.siderebl 
qu<, .11- the -J -ri, 
iiives ■ i "o ted . From 


rxo 


’ r_ ' 


eircral ! > 

: r8. . d rv :ai' 
siren: 


t data it 
-ear vLeels 


ij-CG - , \ \ 

; ;..;r c uXTX.-ri* uf(.:u n th-‘* 

. ; • A ; ' r - ’ i Q3 a tunc, lor; cf trauiri. sneed was 

_i i tised me/ r.etic tac. data, tree roinrift velocities 

of the flair, and nose wheels vere obtained and are piuttec; in figure 
Th>s figure shows that t* e rat rn of main wheel an u-ar velocity to nose wheex 
angular' velocity varies 1 inearl, over the speed ran e from. ura^e epplicatio.. 
to slop. This ratio was determined to be O.b' from me test data. This 
value was also determined by dividing the average unloaded nose vneel diaaemr 
25.40 inches, (2 6x . r tire) the average unloaded main gear diameter, 59* w 
inches (1*0x14 tire) which rives a ratio of O.w. The test calibration con- 
stant vas used in processing the data to determine the synchronous angular 
velocity of the main gear wheels by: 


- 0 J 


M 


w H x 0 . 67 (' ) 


and the slip ratio of the braked main gear wheels is determined from 


Slip ratio 



u v 

1 *e 


(:) 


where: 


. - main wheel synchronous (unbraked) 

*' : g angular velocity in rps. 

i main wheel an ular velocity i" the 

braked condition, rys. 


Using equations (•') ana U), main wheel slip ratios were computed and are 
presented as a part of the time history plots „ - e rtppen x. 
amples are shown in Fiure U where it can be easily seen tnet -he s^ip 
ratios at the higher speeds are of the order of 0.1 or less. Included — 
the appendix. In conjunction with the main wheel slip ratios, are plots of 
the effective braking friction coefficient which may be used along with the 
slip ratios to assess the operation of the aircraft antiskid oraKing system 
performance during the stopping tests. 

k i 12 In looking for methods to provide a meaningful comparison of 

the aircraft and ground vehicle results it was decided that a ^termination 
of the average friction realized by the aircraft durmf a stop might h 
meaningful relationship to the average friction coefficient realized by the 
DBV during its stop and the average Mu-Meter reading. Accordm, , 
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aircraft stopping distances (nose wheel counter data) from table IX were 
reduced to an average friction coefficient by use of the equation: 


V 


avg 



(ft) 


where 


h - average friction coefficient realined during the aircraft stop 
avg r J ^ 


V = brake aopiication 'round sneed, fos. 
Bg ^ ‘ 


g - 32.17^ 

5 = measured stopping distance, ft. 


These data are plotted in figure 29. 

4.2 Diagonal-Braked Vehicle (DEV) — The DEV test technique is to apply 

brakes at rO miles per hour and measure the stopping distance required to 
brake the vehicle to zero speed. Two independent measuring systems operating 
from the same trailing fifth wheel on the test vehicle were used in a redun- 
dant manner to obtain values of brake application speed and stopping distance. 
The values of speed and distance obtained by the two measuring systems, one 
labeled NASA and one labeled prototype, during DBV dry runway tests are listed 
in table VII and the values obtained from wet runway tests are listed in 
table VIII. Data obtained by the NASA system are used in this report 6ince 
the prototype unit developed problems in its regulated power supply. Subse- 
quent to the te6t program it has been established that when the reflated 
power supply of the prototype system wss redesigned to split the load a more 
uniform set of results could be obtained. Further evaluation of this "low 
cost" unit has been made in other tests conducted by the FAA which have 
proven the satisfactory nature of the power supply redesirn. 


4.2.1 The NASA developed correlation technique between aircraft and DBV 

requires that the DBV stopping distance ratio, wet ''dry, be made on a ' O-mph 
brake application speed base. This requirement necessitated normalizin' the 
DBV stopping distances shown in tables VII and VIII to an equivalent c'O-mph 
brake application speed. Since the stopping distance is known to be depend- 
ent upon the kinetic ener -y, which is a function of V , the correction 
equation to be used when the 1 rake application speed differs from exactly 60 
raph is 

s = J2_ <? (9) 

60 „2 Test 

Test 

where 


S '.0 - DBV stopping distance from 'C mph, ft 


D-pest = DPV test stoppia distance, ft 

^' n est = j)37 test brake application speed, mph 

V.'o r correlation i rn/.c aor.lication speed - tO pph 


II 1 order to ev s', liar. r 
o .-rice of tests was c-w.d 
where two D"V's were te: 
usin' the V‘ : equation, : 
fi/ure 29(a). Figures . 
surfaces and on . laro 
corrected to 0 r.nh wi ,'t 


range of validity of ‘.he n- of this equation, a 
•„ed at DATA Wailor; fa tin-. on Fe'-ruery •.'-11, lh'2, 
:i rt speeds from TO- < nx-b» Correction to 0 nph, 

;i each speed was r.ac.e. Thv results are shown. ! .r 
and ;f'b) i. slice tc that, data ; tih ed on dry 
•it speeds as low at 2C r nh ra .. t oe" icf eetoriiy 
o si r.ifiea ot error. 


The fricti v c'" > eff ic ie. .t de vexoped • , m or s^odin. on runways 
or other paved surfs c> " na / :e affected y the initial run er temperature et 
the start of slidin and the incremental increase in the ruts er surface 
temperature due to the child!:. ; energy developed during tne period of time 
that the tire is slidin- . It was noted in reference -s that the Di.V dry 
stoppire distance appear' d to vary with ambient air temperature in accordance 
with the equation: 


3 - 209 + 1.2' T (10) 

D 


where 


S = DEV dry stooping distance, feet 
D 


T = ambient air temperature, 


Since the time of the tests from which equation (10) was established there have 
been numerous other tests which have produced date for consideration in eval- 
uating this phenomenon. These data are shown in Tables XI through XTV and 
have been examined to ascertain potential trends by plotting as shewn in figure 
31. The plot of figure 31 ’-'as subjected to ns averaging, first at constant 
temperature, then for b° temperature increment: to obtain figure 32 whicn 
indicates that there is no significant change of dry stopping distance with 
temperature over the range of temperatures testes. There does appear to be a 
slight upward trend beyond 63° F. end for this reason the fairing of figure 
32 wb6 used in determining DEV dry stopping distance asta in tiis paper for 
use with wet stopping distances to compute the DBV CLR. 


k.2. 3 To understand why the data produce a value at the lower tempera- 

tures that is higher than that shown in reference 3, the effect of friction 
coefficient, u, on stopping distance of the DPV was examined. Evaluating the 
basic stopping distance equation: 


2 


where 



incremental stopping distance 
brake application speed, squared 

any speed less tuan V, . squared ^ 


* ho 
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since only two wheels are locked 


. * a s 


D = £ qyO 
2 3 “D 

2 

V = sir velocity 

* 0*55 (from chapter 12, 5f Fluid Dynamic Drag, 1 ’ by Dr. Ing. S, F. Hoerner) 

S =20 ft* (frontal area of a modern full size seder, automobile) 
p = air density, lb/ft^ 


the plot of figure 33 was obtained which shows that: 

1# The minimum stopping distance which can be realized by the DEV with 
4 = 1.0 is 23 c feet. 

2. The average dry stopping distance obtained from test date on 

numerous runways is the resul 4 ' of an average friction coefficient, 
u = 0.' 7 7 being developed between the sliding tire and the runway 
surface over the temperature range of (/ to r. 3 F. 

As stated in U.2.7 1 fairing o:’ figure r-7 was used in this paper for purposes of 
determining the DEV stopping distance ratios, wet /dry. A review of the E- _7 
data which is contained in NA2A LWF-IC.i/ has been made to determine ii 
DEV SDR’s obtained in that report should be changed. It was determined that 
since .. of the DEV dry date gathered during the ?-72" tests were obtained 
at temperatures above og F, little or no practical error would be introduced 
if either curve were used. (fee figure -u). 'Thus it has been determined that 
no changes are required to the LEV ;-;DR's obtained during the 5-72V tests. 

4*2.^ As can be seen in table VIII, the DBV stopping distances as well 

as the Mu-Meter average friction readings vary considerably with the time of 
test following the artificial vetting of the runway. These variations with 
time are due to vehicle activity or water drainage from the surface which 
reduces the effective water depth at the time of the test. Thus, for corre- 
lation between aircraft and the ground vehicle runway slipperiness measurement 
the data must be time correlated with the aircraft dats for any given aircraft 
test on an artificially wetted runway. The procedure employed in this paper 


for time-correlating the aircraft, ground vehicle, 
data is illustrated in figure 35. In this figure, 
data obtained from table VI IT for run 27 has been r: 
using equation (9) • These corrected stopping cist a 
against the time from aircraft run lata, also cbtai 
this way, it is possible H cbtai n an interpolated 
distance at the time of aircraft m that reflects 
condition as encountered oy the aircraft. The D2Y 
t anc e r at i o ) t ime cor re la" c : r o e a c h ai r c ra ft r\ un v 
the vet DBV stopping distance by the dry stopping d 
air temperature as for the vet run in accordance wi 


and runway water depth 

the DBV stopping distance 
o nn h 1 iced, to a 60-mp h b as e 
nee data were then plotted 
ned free table VIII. In 
’■’ c < : : ^ vet stopping 

A h - ’ ' am ? :* . ;nv •: y slipperiness 
Hr 'v:r, /cry stopping dis- 
ac fotainei by dividing 
i c t a n ' -■? at r he s ame amb lent 
th "he cur re of figure 32. 


2.2.5 The a ve r a ge . r I c .. i c e 

from a 60 mph brake aprl. i? at ion 
similar value for the aircraft 


efficients rea 1 !cr : i o> r Dtp ■ s t o i nr 

cod were computed Hr comparison with the 
figure 29- The equation, used is: 


VI 


avg 


v 2 120 

2gS ‘ S 


( 12 ) 


where 


V = average friction coefficient realized by the DBV 

B during a step 

v = 36 fps 

g - 32.172 

S = measured stepping distance, feet 


The dry stepping distance data for each airport was obtained from Table VTI 
corrected by equation (9) and the number of points available at each airpor 
were used to cot airs an average value which was, in turn, used in equation ( 
The vet DBV stopping distances used are He time correlated values found in 

table IX. 


2-3 Mu-Meter - The Mu-Meter was towed at • oust ant speed (usually uQ mph) 

over the section of the runway to be measured. In addition to the test s need 

of 20 mph, some runs in this investigation were made with the Mu-Meter at 
speeds of 20 and 30 mph to obtain data on the effect of speed on Mu-Meter 
readings on a snow-covered surface. Typical test records obtained with the 
Mu-Meter before and after aircraft run 27 are shown in figure 13. The Mu- 
Meter instrumentation included a remote mechanical integrator which automati- 
cally read out an average friction reading for the length of test section 
measured by the Mu-Meter. The integrator average friction reading obtained 
for each test run of the Mu-Meter is listed in table VIII. For most aircraft 
runs, the aircraft did not required the full runway test section length to 
come to a complete stop. Consequently, the Mu-Meter test records were 
analyzed only over the portion of the test section (see figure 13) in which 
the aircraft test occurred. In this manner, the average, maximum, and 
minimum friction readings of the Mu-Meter were obtained for the length of the 
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runway 'test section associated with the aircraft test - Lhcse Mu — M e u e r average 
record friction readings for each test run are also listed in table VIII. 


4.3.1 The Mu-Meter average friction reading at '-0 mph obtained from the 
record was » irae-correlated with aircraft tes* r..n UJ as shown in figure 35. 

In this figure , tie Mu-Ue-er average friction reading at !-0 mph, taken before 
and after the aircraft seat run. was ..Lotted against, time .tot:, uircru... .. ^rur^ 
data obtained from tuo'e i'll I. All cf the Mu-Mo ter test vine tadv at -o mr.n 
test speed were snalyr... in this manner and the t ir.e-crrrelatoi Mu-Me+er 
average friction readings are listed in tacie it. Figur- do prest tils -a -a. - n 
p-^Q ice covered surfaces ft Walucps ana shows tr.it tner-c is eosen .. ia^atr r.o 
difference in Mu-Meter -eadingc from 20 to 50 mrh. 

4 . 3.2 Operation o f the Mu— Meter on snow— covered surfaces at i.dmon«-on a a r 
not entirely satisfactory in that the Mu-Meter produces a nide-cc-side 
instability which tended to invalidate any readings, me manufacturer attrib- 
utes the instability encountered to the fact that a smooth tread center tire 
was used instead of a block tread tire. Use of the block tread tire on snow- 
covered surfaces in Europe has produced no instability. The Mu-Meter tow 
vehicle was also not equipped with snow tires and thus was unable to maintain 
traction and towing speed on some runs over the snow— covered surface. 

4.4 Average Runway Test Section Water Depth - Water depth measurements 

were made beside each runway marker by the water depth measuring test crew in 
the aircraft left, nose, and right main wheel tracks of the runway test section 
at three separate intervals during an aircraft test run sequence. These many 
individual water depth measurements were used to determine the average test 
section water depth values listed in table VI. These water depth values were 
plotted against the time from aircraft run data (see figure 35) so that ar. 
interpolated value of average test section water depth at tine of aircraft 
run could be obtained. It should be noted, however, that the water depth 
measurement times listed in table VI are given to the nearest minute whereas 
the time values used to determine average water depth at time of aircraft^ 
test run were plotted to the nearest tenth of a minute (see .igure 3^)* -n 
figure 35, this technique yielded an average test section water deptn of 
0.021 at the time aircraft run ^7 was made. This procedure was followed for 
each aircraft wet test run and the results obtained are listed ir. tables V 
and IX. 
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4.5 Ground Vehicle Correlation Tests - Prior to commencing aircraft 

tests at NASA Wallops Station, a series of comparative tests were conducted 
using two DBV’s and two Mu-Meters. The NASA DRV and the FAA DEV, the USAF 
Mu-Meter and FAA Mu-Meter were the vehicles tested. The series of tests were 
made on the test runway 0 m/ 22 and cn runway 10/28 at Wallops under dry, wet, 
and ice— covered surface conditions. The data from these tests are presented 
in table XVI. A discussion of these data follow in section 5* 
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5-0 


RESULTS AND DISCUSSION 


5 . 1 General . - This s e • **. 1 o " o f h h e paper b r It f : y 1 ^ r ; br ' ? oxr.e c f the 

preliminary results observer, .-hiring a limited ai'.a i.y :: : n : f * ••• J : est d& + s. As 

mentioned in paragraph 1*1, ' h,- mrr.r.;« cf this r. are •• *■■■'■ v.au erC tie 

preliminary lata obtained r. ~h-* v^r rrrrra:' . u - . * u v i ' be further 

analysed and c ?mbiued vv* 1. * K ". '* ’’’ror. : r, n • ’ ~ * : pla:;* r - ~f the 

test program ana she resui.tr yr.xi. Ls:o. at a later : .1 


n. t* 1 0 ; 
' ' n r * 

- ’ + v - 

^ * ... u 

■ tnv&v 


. * ?ar ic 

skid ryr 


■me 


5.1.1 lev as r : tic e 1 i die • I a- a ar a ly s ^ 

upo n vh.ee 1 res ■ever’" ^ + ’ + ^ v ; v - 3 v * e 1 e » ~ ^ f m * e h ~ 

was often delayed 
wheels as ccr.pu.re-: 

the more slippery runway our fc ~ i n*u.st i rate; 
hi stone s ^4, 4 c , , k ; r. ir.l •-* ^ ao. ,i oerwar us run 1 1 me r. i c* a ^ . r , olA, r • , 

TO, 68a and 71 in the Appendix for examples of this heh r rnLor.^ This abnormal 
behavior of the Mark II anti-skid system was a] sc note 1 urime Mark II braking 
runs at Edmonton on the s rev- revered runvay and at Wallops -Trr Ing Mark II 
braking runs on runvay U/22 (.08 inch water depth). The Mark IIIA anti-skid 
system, in contrast to the Mark II anti-skid system, appeared to function 
normally on all braking runs of the program regardless of the slipperiness of 
the runvay surface. 


5-1.2 A Hydro-Aire /Dougl as Company simulation study of the DC-9 Mark II 

anti-skid system, which duplicated some of the test runs, suggested that this 
abnormal behavior could be explained if the right-hand pilot’s metering valve 
was out of rig. A check of the test aircraft hydraulic system was made two 
months after the conclusion of the test program (see table XV) which confirmed 
the Hydro-Aire/Dougias analysis. 


5.1.3 The combination cf the reduced fluid flow -hr-, 

metering valve and the Mark 71 control valve character! ft 
reduced inlet pressure (from 10 00 psi system pressure) at 
valve effectively reduces fluid firw through th* vul v ■ or 
brake cavity refill time. For this react r: . Mark 1: hour: 
runways where the anti-skid oyoter. fui iv dumped -teei bra 
suffered prolonged brake refill tirt*u m the rich* 'ovi:: 
thus delayed pressure huiiaur ■ ui right 1 uroir • 1 

did not occur on Mar* 17 hruKing ruru> •: :: :ry rr.owov 
runways f Wal 1 ops an d R > us t c n > r: e caus . 1 t he a u f -ski-; :.y 0 1 *■> 
dumped pressure (f.luil) from the brake env: t. ir-c am £ -xors 
did not occur. 


upa the pilot’s 
ics was such that a 
..ne M ark 17 c c n t r o 1 
: increcif-es * he 

— ^ r ; ; • . 0 ’ 1 p r C T 'V 

m ' "or cures ^ 
r ■ - <■> _r v h e c 1 c a n • i 
• •': r This problem 
dpi frloti-r vet 


5.1.U Preliminary results from the Hydro -Ai re /D vu.; Laa Pl-9 Mnrk IT anti- 

skid system simulation study suggest that the test aircraft ’out cf rig” 
condition of the right-hand pilot’s metering valve during the test program 
may have increased the DC-9 stopping distances cn slipper:/- runways by ac much 
as 4 percent over that obtained when the pilot's metering valve is within 
tolerance. This estimate should be confirmed by actual flight tests conducted 
with the pilot’s metering valve rigged properly on the test aircraft. . 
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5*2 


NASA Wallops Station 


5.2.1 Nine dry and three wet maximum braking aircraft stops were made at 

NASA Wallops Station on runway 10/28. The water depth variations with tine 
for the braking runs performed on runway 10/28 are shown in figure 3~ 

Tine histories of the aircraft parameters reo;r ; ed by the aircraft magnetic 
tape recorder as well os computed average broking friction c :eff icienu and 
wheel slip ratio are sr.cwn in the Appendix. Time rioter! es for runs 13, 2i, 
and 25 were not obtained with the magnetic tune recorder. Da" a for th--se 
nins , however, were .dr. aired vita the Douglas phe to theodolite as shewn :n 
table IX. Wet runway testing runway 1C 
winds that prevailed during most of the alio 


abb re vi at ed due 


s cumose. 


5-2.2 Five calibrations runs were made or. runway 1/22 for the purport of 

calibrating the nose wheel instrumentation and for obtaining data on aircraft 
aerodynamic drag. These runs (runs 1 through 5) will be more completely 
analyzed at a later date. Time histories for runs 1 through 5 are shown in 

the Appendix. 

5.2.3 Four abbreviated maximum braking runs were made on runway h/22 

over a test section length of approximately 2050 feet under wet runway 
conditions. Brakes were applied at the entrance into the test section 
(first event marker) and released when exiting the test section (last event 
marker) , as shown in the time histories for these runs (runs 106-109) in 
the Appendix. The test section on runway h/22 contained the following types 
of pavement surfaces as delineated by the event markers in the time histories 
of the Appendix: 


Event 

Length , 

Test Section 


Marker 

ft 

Description 

Surface 

1-2 

350 

Canvas-belt drag finished 

concrete , ungrooved 

A 

2-3 

350 

Canvas -he it drag finished 

concrete, g rc c v e d 

(l in. x lA in. x 1 '2 in.) 

p 

3-4 

350 

Bur 1 ap~ dr ag f i ni s he d 

r on c r e t c , gr 0 oved 

(l in. x 1/1 in. x 1/4 in.) 

C 

4-5 

350 

Burlap-drag finished 
concrete , ungroeved 

D 

5-6 

650 

Smooth sand asphalt 
(Gripstop) , ungrooved 

E 


The maximum water depth for these runs averaged approximately .08 inch in the 
test section. A near cr complete dynamic hydroplaning situation is Indicated 
in surface A because the aircraft wheels did net recover synchronous speed 
when wheel brakes pressures were released by the anti-skid control system 


after initial brake application. When the aircraft entered the grooved pave- 
raent (surfaces B and C) of the test section, synchronous wheel speeds were 
obtained on the main landing gear wheels and effective wheel tracing. commenced 
on the grooved pavement. This effective braking was -ost ipon entering ,he 
smooth concrete surface D and continued at low fricti. -.^i.ev 
sand asphalt surface E. These a at a tena to -"du.* ■*- - - 
DC-9 main landing gear tiros --rill hydroplane f hign 
surfaces at water depths appr caching .08 inch r-ir.g ce... 
interesting to note + hat tne unbraked rose vht*. *■ 
did not exhibit this wheel spin-down tendency vi. exy 
craft speed and runway we + nes > conditions as the *. lr - tJ li * 
wheels . 


the smooth 
vc rn tread 
- rn „ o th p a v erne nt 

. .. r 4 ir 

new corcition ) 
;■ cane air- 
a riling gear 


5.2. U The variation of the DC-9 aircraft st oop in : distance with ground 

sneed squared is shown in figure 2l(a) for all vet. and .ry r.»..o c.. iUn*a„. 

10/28 in which the aircraft magnetic tape recorder was operative. .He 
correlation obtained between aircraft, DBV, and Mu-Meter for these runs are 

shown in figure 37 (a). 

5.3 Lubbock Regional Airport 

5.3.1 Eight dry and nine wet max im u m braking aircraft stops were made 

at Lubbock Regional Airport on runway 08L/26R. In addition four dry ana 
four wet runs were made using normal reverse thrust on both engines and 
ma ximum braking in the wetted test section. The water depth variation with 
time for twelve wet runs (run 110 is omitted since it was a low speed taxi 
test) is shown in figure 37(b). Each run was faired separately to obtain 
the data shown in table IX. The average water depth varied from 0.013 inch 
to 0.034 inch at the time of aircraft test. No wheel lockups were experienced 
during these wet stops but the aircraft exited the wetted test section prior 
to a comolete stop during runs hk and 56 which were conducted at tne heavy 
aircraft landing gross weights. For these two particular runs, incremental 
stopping distances from "BRAKE OFF" speed to a full ston were estimated i.o» 
figures 21(b) and (e). These incremental stopping distances were aduea .o 
the braking distances obtained in the wet test re-ion from the JAoA cou,.u 
magnetic tape data to obtain the aircraft stopping distances shown m *ab.e 
IX for a full stop condition from brake applicati -,n 3 pee l. 


nen 


a low speed taxi 
are shown in 
_. f i t^raneters fo: 


5.3.2 All of the data points (except aircraf 

test) obtained at Lubbock f the aircrait, D3v , 

figure 37(b). Actual time histories of the pert - 

each aircraft braking run at Lubbock are given in the Appendix to *nis 
Also included in the Appendix is the variation of computes fnc.ion coe.ficie 
with both ground speed and slip ratio during each run. 


5.U Edvards Air Force Base 

5 I 4 X Eight dry and nine vet maximum braking aircraft runs were made at 

Edwards AFB on runway Oh/ 22. In addition, three wet runs were made on this 
runway using normal reverse thrust on both engines along with maximum r ing 
In the wetted test section. Time histories of the aircraft pa.amei.ers 
• recorded by the aircraft magnetic tape recorder as veil as computed average 
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braking friction coefficients and wheel slip rat ; 0 -w 

the Appendix. Spellers initi&Pv 1 . t "° L ' ^hese runs are shown in 

runs 66 and 63, In r.he ^ase c'^un -<6 U “ then imediate ly retracted during 
JS of ? rakln * run vith Mark II 


anti-skid * the loss 
and the aircraft exited the wet test 
knots • ^ For run 68, a normal reverse thrust 
jpoi^ers caused the nirev 0 ’’^ + o 

vr.ee lo locked , an I the ai 

, --S U P r - J degrees vaw 

termed on tne sliding m^in gear tires and V- 
pilot disengaged reverse thrust was "apprlxim" 
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run 68, 


friction level indicative 
the aircraft experience i no vnee> 0 

runs at Edwards AFB . "These ^wo rena *J) in 6 maximum braking 

normal aircraft performance van obtined 6S *> “ d 

figure iTtcT ^ "* ™“ *• 1- 

shown In table IX. The average vater^nt.w to the Wat « r depth data 
0.008 and 0.0U0 inch. For rJL 77 67 * 68 f°J 2* Wet ninS varied between 

foan vas mixed with the tan^ vller l^nll tf S’. 0 " 6 PerCent ° f 
runway greater than that developed from^f 1 a vater deptb on the 

«- jrss£ ss- s*r<w 

aircraft, DOT, „ d H*Jfet.r .re show m figure 37{cK 
5.5 


Rifflonto n International Airport 


»/» underV^Xr^ i ^i: I e r oL1t- rUnS 2” ** «■>*« - runway 

11 aircraft ru^£^ e ™2L« , BecIuse ° r “™««>r restrictioS, 
lowing arrival at Edmonton airnort ^ ? f t f sts ‘ Durin S the night foi- 

covered test section in the center P f^ nnel uslng snow ^lowers made a snow- 
60 feet wide, and 1-2 inches thick 1* runway approximately 6000 feet long, 
cated along the sides of the runway kl °! ,tai " ed frora Enow banks lo- 

falls. The snow in the test sec+ion'wls ? d f ro,Ti previous snow 

snow in that some of this old snow had ° f freshly fallen 

A snow rake was used to level the sr . v in '-C t l. 1 *™ 1Ce particles - 

rS s e ar i^rnr' bedW “ -: s i“ e 

For the remaining aircraft Lnl^rE^on-or^th^b * ^ depth ° f 1-2 inches ‘ 
test section was reduced to 0 *-> 0 I, il l the avora « e snow depth in the 
lightly falling during this el rU a “ d . natural observed to be 

released prior to full stoD of th P a- ' ^ iring run the brakes were 

this run are omitted from table IX. lrCra and ’ therefc re, aircraft data for 

“uguetic ta““ llnltoZ?r TeM ' UT l reC ° rdea b f th - ‘front 

main trtieel slip ratios for &nnh -t- e avera 6^ braking coefficients and 

The variation of aircraft stoootnTa • t™ ^ E f" onton are shCTm in the Appendix, 
shown in figures (h? o^t'h gr ° Un<i speed s ^“-ed is 

for the aircraft, DBV, and Mu-Metcr are shown “ Ed "° nto " 
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5.5.3 It should be noted that the aircraft main gear tires tended to break 

through the snow cover down to the hare concrete surfa-. e dui ing maximum ^aK 
runs. The unbraked nose wheels of the aircraft on the r.sner .’.ana .ended to 
lose traction (lose synchro.' 

These effects can he observe' 
in the Appendix. -i-e snow : 

Mu-Meter and the V 

NASA D3V had difficulty 
test section. Teat oroe o: ~ r - 
on the dry runvay heal ‘ • • 
bed at slightly above ter* o 
loss of control was experu. *u;o ; b\ o; 
in one instance, the da no 1 ■ 
to test speed in the stkv- ; " voce i 
had difficulty maintainin'* a • 
at speeds above 20-10 mph , .eioruiu; 
higher test speeds, the •' -Meter tra 

which affected the friction readings . 

that this oscillation would have been reduced or eliminated i* 

Mu-Meter center wheel had been equipped with a block-tread -tre. 


• wove: 


l ie: 


the deeper mu 
tended to ieve' 
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5.6 


Houston Intercontinental Airport 


5.6.1 Five dry and four wet maximum braking aircraft runs were made at ^ 

Houston on runway 26R. Grooving of this runway to a 2 in ; * te at The 
transverse pattern was completed a week before aireia; an l a ‘ U 1 * 

runway grooving increased water drainage from the runway suen -.hat after the 
water tankers passed a water depth measuring station, there was no measurable 
depth of water left on the runway. Water deposited m the tes. sec ion 
runway varied from 4000 gallons for run 102 to 7500 gallons ^or runs 103 a 


to 


i s h a v i ng 1 a r g e r 


105- The increased runway wetness -- „ .. 

tanker water dispersed, while r.ot measurable with water depth i gageo 
increase runway slipperi r.ess as inncV'U oy tne t *>h- -wr. 

DBV , and Mu-Meter 


r * 
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5-7 

5.7.1 Analysis of the aircraft run time histories urn: OMo’lM y-'t u " ed 

friction coefficients and main wheel slip ratios •. Appenuix .• ^eie.ope^ .-•> ^ 
the Mark II and Mark IIIA anti-skid systems indicate that Do y* J^.ems^e.de 
to control the braking wheels at relatively low r up ra-.io. “~y r ‘K - • --> - 
braking tests. Only occasional deep wheel skids were u eve lope... on . 
braking wheels and these occurred usually at brake aopi.ica.iCn in ^ ' e y - 
water depth runs at Lubbock and Edwards. Prolonged mam vhee. .ecaip. 

occurred only during run bu a. n . . , +, . _.„ n 

because of the bounce at touchdown and loss of spot .ers •••mir.g r . 


e case 


As can be seen in table V, several runs at Edward.- and 
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good aircraft directional co-rol during raaxb--^ • X 
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thl'i’ o computed average friction coefficients developed by 

lfceTC-9 Mark II “!? F IA anti ~ skid systems during maximum braking runs on wet 
Appendix) indicate that these systems" generally TroLeTloTer 

the B-727 Iferi/lT 1 , «+ , hl ®^T Spee f sll rP<?ry rur.way conditions than was found for 
xililll 1 X l ^~ skia system maximum braking runs performed under 

mo “S? sll PP er 7 runwa F conditions (excluding B-727 prolonged whe^ 

£r • f ! Ct that the B - 727 Mark II system tended to operate a£ 

these test Ln^i ° ieVel3 t J an the D *~- 9 Mftrk 11 G1 * Mark IIIA systems for 

these test conditions suggests the possibility that +he DC-Q MarV p* and I’TA 

wheel slip ratio level was not sufficiently high enough - d 1 

available tire-ground braking friction potential exislilglinderThA^hi^l 
speed slippery runway conditions. These trends mav exr.lair the relaf ■ - 

wet/dry stopping distance rat i os developed b” . v.,-,' c q 
more slippery Lubbock and 
possible dilemma facing ai 
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runways under crosswind or 
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shorter ,<«««■ I" aeu. oraxe application speeds and 

figure dlstances than fcr Mark II braking runs as shown in 

thftrends k °f- avera ^ friction coefficient data, which reflect 
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5.7.6 The variation cf aircraft stopping distance ratio with ground 

speed for stabilized braking conditions is shown m -igure ^6 ^ tg 

investigated. The vertical lines m this figure indicant. FP ^ landing 

brake application speed range experienced by -be te^ al p - , aircraft 

nose weight range. The data in this figure indicate a trend for the aircraft 

* + fo^v^r r rr ^ tart 1 ev°ls over this brake application speed 

SDR to remain at fa^ryy constant - e/ ~ Xi3 ^ 

range for most test runs* 

«; R PreMminarv Results - DBV/DBV Correlation.- A limited correlation 
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5.8.3 Figure 38 shows the stopping distance correlation obtained 

between the NASA DBV (sedan) and FAA DEV (station wagon) over a wide range 
of runway slipperiness ^ondi tiers and test speeds . T :. : ir e-correlated 

data were obtained from table XVI. Adjacent pairs-: ct and NASA DBV runs 
were compared where pc-ibie to minimize bon. the tic-, betv-a n vehicle test 
runs and the possieifit/ -:f the runway surf r-.io 
test rims cf * .0 two v*-r "*• cU,., ., 

coating on the 3 lurry -s ?..l n.ooay surface d: c* 
completely -in.: ,-«s not ..0 
ice coating on the sE-.och 

ure 38 that a direct : : exists oe-vree: 

distance mearuir^mer. ts upohln a scatter :;a^a c 
the runway sa.’ r i; ^ ar. .. ■ o'csf d ccrdi^ ■ c r ' ,: 


• -r. f* r*V P virvr’ - 
~ ; ' 0 *; 0 p \±r~ ,n -/ to 


.d-a 

■* 1 t> ' r 1 


ng between 
' ice/ slush 
r V- e asperities 
■ pi ere 

v o n :r-:r* : ig- 
t : I>V stopping 
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car 
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^:-Meter 


■e ter/ Mu-IM 


. :'/iuet ea 


A United 
at wallops 
The t tree- cor re- 
suould be 


correlation study between two Vu-Meter trailers wa 
several days prior to the arrival of the DC-9 vest a: 
lated data obtained free* this study are shown i« t 0 

noted that the FAA Mu-Meter used in this correlation study va* + C ved by a 
station wagon, while the USAF Mu-Meter studied was tewed by the pickup 

truck (see figure 1(c)). 

p i«ure 39 shows the comparison of friction readings obteined by 
the FAA and USAF Mu-Meters over a wide range of runway slipperiness conditions 
, *l est speed of a ? h * The data shown in figure 3 0 were obtained by 
FAA and U3A? Mu-Meter friction readings presented in 

*?4 ^no*r. T ll 1S w teChniqUe WBS enployed to minimize the time period between 
FAA and USAF Mu-Meter test measurements used in the comparisons, and thus 
minimize the effects of runway surface condition changes that occurred 
during the test period. The data shown in figure ;? indicate a direct 


correlation exists bet 


the range of runway surface corciticns 
figure 39 is small under ary rurvay cc 
scatter tends to increase as rur.w 
±10 percent for the gl n rv j oe r - 
exception to this tyr._- f c.rv-- 
smooth concrete runwa' : 'a ( 

XVI. For this rui.way ace c r 
FAA Mu-Meter friction rea;:... >ir 
variations in the fic,oi- ; n.uvo ; 


p een FAA ana USAF Mu-Meter frict 
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5.9.2 The variation :f friction reading wit-, to: 

ice-covered runway surfaces is shown in figure V' for 
The data shown in this figure indicate that. th« •<._>. tu .... v 
tends to be independent of ter- :. speed over the 2C-«0 mph F 

investigated for ice-covered runway surface conditions. 

5*10 Preliminary Results - DBV/Mn- Met.cr Cor-e ,at mn.- 

of NASA DBV stopping distances from oQ mph brake =<t.t .ioeUc 
Meter friction readings measured at 1*0 mph t owing speed "for 
flooded, snow, raid ice-covered runway conditions ir.vectigat 


!• L-e , : 1 r ivc d i f f e rent 
lu . - ^r;d FAA Mu-Meters 
reading 
speed range 


figure 4 C. These data were obtained from tables VII, IX 


T he comparison 
>: eed vith Mu- 
- ~”;v, vet, 
e -hov ;n in 


and XVI . 


5.10.1 The equation given in paragraph 4.2.5 states that vehicle stopping 
distance is proportional to the brake application speed squared and inversely 
proportional to the friction coefficient. The correlation curve of DBV 
stopping distance with DBV average friction coefficient, computed from this 
equation at a brake application speed of oO mph is the sl:;-pe of a rectangular 
hyperbola as one would expect ::r a reciprocal function. i'.ie 
curve between DBV stepping distance i 60 mph; end t.t r f~i 

(40 mph) would be expected to follow a similar trend i ; the ,Y 
reading rating of ru rv£..y slipper : r ess is tue can-: ;.„r. uevolore 
(locked wheel) pair c: ":r*- ^ 


v? 


correlation 
"t : on rea-img 

tier 

• by the sliding 
Lions investigated. 


5.10.2 A hyperbole r- tyre- cur’-'e was a i red throurh the data cf figure 40 
ignoring the Edmonton cat a clonic ?i on a sntv- :v' : .j.u.rr . These iata 
were ignored because the Mu-Meter trailer did r.rt 1 the tcvir.g vehicle 
properly (oscillated ir yaw' or. this surface 'see pr v-.gr err. 5 . 5 . 3 ). The data 
scatter about this faired curve is rather large indiciT : ng considerable 
differences exist between Mu-Meter and DBV assessments cf runway slipperiness 
for the range of runway surface conditions investigated. 


5.11 Preliminary Results - DBV/Aircraft Correlation .- The comparison 

of time-correlated aircraft and DBV stopping distance ratio data obtained 
for the wet and dry runway conditions investigated is shown in figure Ul. 

The aircraft SDR data shown in this figure were calculated from the aircraft 
data given in table IX by means of the WV^, and S ew /v| w methods described 
in paragraph U.1.8. The S e /Vg v method for calculating aircraft SDR, which 
corrects the aircraft test clata to standard day, zero wind, sea level condi- 
tions, produces the least data scatter of the three methods used to compare 
aircraft SDR with DBV SDR a3 would be expected. 


5.11.1 Boundary lines have been faired through the extremes of the data 
obtained from aircraft runs employing maximum anti-skid braking and no 
reverse thrust in figure ll. The trends shown indicate a nonlinear line of 
correlation between test aircraft and DFV SDR data for the range of wet runway 
conditions investigated, with the DBV shoving a less slippery runway rendition 
than that experienced by the test aircraft, especially at the Lubbcck and 
Edwards runways. 


5.11.2 The old snow vith crystallized ice ran tic leu i u! t 1 rover the 
Edmonton runway (see paragraph 5*1.1/ may net he reyrer ».vcat.. /••• of runways 
covered with loose snow resulting from natural snow fa . 1 tori', t ions, ?cr 
this reason, the aircraft/DBV GDP. data obtained during the Edmonton tests 
are not included in figure ll for correlation purposes. These data are 
presented in figure 37(d) and indicate that the Edmonton snow- covered runway 
produced a more slippery surface for the DBV than for the test aircraft. 

5.11.3 Figure 29 shows the comparison of aircraft and DBV average friction 
coefficients obtained for the dry and wet runway conditions investigated. 

The aircraft Pavg values were calculated by the method described in 
paragraph U.1.12. The DBV p av values are calculated by the method 
described in paragraph 4.2.5. This method of comparing aircraft ana DBV 
data shows a more linear correlation between aircraft and DBV p a values 
than obtained by comparing aircraft and DBV SDR values (figure UlJ for the 
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P 


m 




range of dry and wet runway conditions investigated. The scatter of the 
test data is also somewhat less for the h EV g method than for the SDR method. 


Preliminary Results - Ku-Meter/Aircraft Correlation.- Figure 4 1 


/ ith Mu-Meter friction reading for the 
it can he seen from this figure that 


5 .12 

shows the variation of ai: craft SDR 
wet runway conditions investigated, 
while the aircraft SDR data computed by the different methods discussed in 
paragraph 4.1.6 differ somewhat in magnitude, toe trends of the data are 
quite similar in nature. Boundary lines were faired through the extremes of 
the data points obtained from maximum braking 
b oun dary lines in di c a t e t h at t h e 1 o a ■- c da t a s ■: 
aircraft SLR with Mu-Meter friction reading o: 


*uns in figure 42. These 
liter in the comparison o 
;urred using the 


WY £ 


method 


for calculating aircraft SDR. The most data scatter in figure 42 is shown 
for the S ev /v|^ method for comparing aircraft SDR. It should be noted 
that this method corrects the aircraft stopping distance data to standard 

y. sea level, zero wind conditions for a standard aircraft gross weight of 

,000 pounds. 


5.12.1 The British prefer to show the correlation of aircraft stopping 
distance with Mu-Meter friction reading under normalized aircraft stopping 
energy conditions. This method is illustrated in figure 43 where Mu-Meter 
friction reading is compared with test aircraft stopping distance normalized 
to & constant energy level (WV 2 * 10 x 10®). Boundary lines have been faired 
through the data obtained under aircraft maximum braking (no reverse thrust) 
conditions. At & Mu-Meter friction reading of 0.5, the data scatter about 
a mean point between the boundary lines is approximately ±15 percent. 


5-12.2 Figure 44 compares the average friction coefficient obtained by 
the aircraft during a braking stop with Mu-Meter friction reading. These 
data were obtained from table IX. The aircraft b av<t was calculated by 
the method described in paragraph 4.1.12. This method of comparing aircraft 
stopping performance with Mu-Meter friction reading indicates a non-linear cor- 
relation between two quantities for the range of dry and wet runway conditions 
investigated. 

5.12.3 The Mu-Meter friction readings obtained on the snow-covered 
Edmonton runway are of questionable validity due to trailer instability 
problems on this surface (see paragraph 5o.j). The Mu-Meter friction 
readings are very low for this surface and indicate a more slippery runway 
condition than the aircraft experienced (see table IX). 


5.13 Preliminary Results - Houston Grooved Runway .- Runway 8L/26R at 

Houston was grooved to a 2 in. _ by 1/4 in. by 1/4 in. transverse pattern 
during the time period intervening between B-727 and DC-9 aircraft tests of 
the Joint FAA-USAF-NASA Runway Research Program. This circumstance permitted 
& comparison to be made of aircraft, DBV, and Mu-Meter data obtained before 
and after runway grooving to estimate the effectiveness of this particular 
groove pattern in reducing wet runway slipperiness. Table XVII shows this 
comparison. In addition to the Joint program data mentioned, table XVII 
also contains DBV data obtained on this runway during an NTSB study performed 
during 1970. At the time of the 1970 DBV tests, the Houston runway was 
heavily coated with rubber deposits in the touchdown areas. Shortly after 
the 1970 DBV tests, the runway was chemically treated to remove the rubber 
deposits. These deposits had built up again to some extent at the time of 











































































































Table IV.- NASA diagonal-braked vehicle (DBV) instrumentation. 




Basic aircraft, atmospheric 















































































































































































































Lubbock RogloMl Airport* Data: 2/16-18/72 







































































































































































1 BS 9 R 


s a r e t 


* ® s I al p 


winim 


r - " I * *f 5 * 


rhi 


BaBBBgSSSSEiililia 

IQfll 


£ S St 


^ j s ? 

-■> i £ 


Ml III 


SIS 5 ? 


» 2 I Si 3 U o ! o 























































































-It MfcmdfWilu 


























































































DBV and Mu-Met«r dry surface data for full stop aircraft runs 
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) Lubbock Regional Airport 





























































































































































































































































































































































































Continued 
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Houston Intercontlnwatsl Airport 


























































Table IX. - Time correlated aircraft 



































































































Table IX.- Concluded 
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Table XI.— Dry DBV stopping distance values — NASA data 1970-71 
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DATE 
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, FT 
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Edwards 

Concrete 
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Table XVI.- Continued 
























































































































ESr:; BEFORE GROOVING - JUNE 1970 
TEST VEHICLE: NASA DBV 
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diagram for NASA instrumentation on DC-9 
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Figure 7.- Diagonal-braking system. 
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Figure 21, • Variation of tx>9 aircraft stopping distance aa a function of ground spaed squared 
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Figure 21,- Continued. 
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(d) Mark II anti-skid ayataa. Douglas data 



(a) Mark IIIA anti-skid ayitts. Douglas data 



(f) Variation of dry distance to stop using reverse thrust plus s a r lati brakes, Douglas dats 

Figure 22,- Concluded* 
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rigure 23.- Correlation between NASA nose wheel counter and Douglas phototheodolite 
stopping distance, brake application speed, and SDR (wet /dry) data for the PC-9 
test aircraft. 
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Variation of DC-9 aircraft dry stopping distance with brake application speed squared 




(b) Mark IIIA antl-akld ayataau NASA data 
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Variation of DC-9 aircraft dry a topping distance with beak* application apaad squared at aea level 
standard day. ar ' weight (80,000 lb) conditions. 
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ira 25,- Cootinuad. 
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Variation of DC-9 aircraft -topping diataoet ratio with ground apeed. 
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Figure 27. • Comparison of DC-9 main and nose wheel angular velocity under free roll (no braking) 
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Pigare 30.- Concluded. 
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Figure 33.- Variation of DiV dry stopping distance with friction coefficient 
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Figure 36.- Variation of Mu-Meter friction reading with speed on two surfaces 
covered with ice. 


sow 


O DO 



Figure 37.- Drainage characteristics and correl 
friction performance on wet or snow-covered te 
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Figure 37.- Continued. 
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FAA MV # topping dlatnct, ft 


^ UW ^■PWlion of NASA and FAA stopping distance aeasureaenta on dry, 

wat and ice-covared runway aurfacea. 
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USAK Mu-Meter average u (record) 
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Note: Open symbols denote wet surface 

Closed symbols denote ice-covered surface 
Flagged symbols denote dry surface 



Figure 39.- Correlation between FAA and USAF Mu-Meter data. 
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Figure 41.- Variation of DC-9 aircraft SDR with DBV SDR for the wet runways Investigated 
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gura 42.- Variation of aircraft SDR with Mu-Mst«r average friction reading. 
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7.0 


APPENDIX 


7.1 Purpose - Some parameters of significance in analysing aircraft 
stopping performance were recorded on the NASA magnetic tape recorder as shewn 
in table III and discussed in paragraph U.1.10. The purpose of this Appendix 
is to present these data in the form of time history plots for each aircraft 
test run. As discussed in paragraph U.1.10, the magnetic tape data were 
digitized, converted to engineering units, and machine plotted at the NASA 
Data Reduction Center. 

7.2 Data Presentation - On the facing page for each test run are com- 
puted time histories of aircraft longitudinal acceleration, average friction 
coefficient, and wheel slip ratio. Also presented are the variation of 
average friction coefficient and slip ratio with ground speed as well as the 
average friction coefficient variation with wheel slip ratio. The equations 
required to compute these quantities are described in paragraph U.1.10 of the 
report. 


7-3 Definitions - The following definitions of terms used in the 

Appendix may he helpful in interpreting the data presented: 


* spoiler 


100*, spoiler fully extended; 
zero *, spoiler retracted 


% Engine 


Pitch attitude 


Engine 1, left engine; Engine 2, 
right engine. 100* equals 12,250 rpm 
of N 2 compressor stage 

Positive values, pitch-down; 
negative values, pitch-up 


Yaw attitude 


Positive values, nose yawed right; 
negative values , nose yawed j.eft 


Normal acceleration 

ES — — 


Positive values when aircraft is 
accelerated in the direction of 
gravity 


Lateral acceleration Positive values when aircraft 

(c.g. ) accelerates to right 


Longitudinal accelera- Positive values, acceleration; 

tlon (c.g.) negative values, deceleration 


H WH Rev/sec 


Angular velocity of right nose 
wheel 


Wheel 1 - 

2 - 

3 - 
U - 


Left outboard main wheel 
Left inboard main wheel 
Right inboard main wheel 
Right outboard main wheel 
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BR psi 


Hydraulic pressure measured at 
wheel brake 


BR MTR psi 


LBRPOS 


R BR POS 


2 x N.W REV 


Hydraulic pressure measured at 
left hand (left brake pedal) 
pilot's metering valve 

Left brake pedal position ( 100)6 
equals fully depressed, brakes on) 

Right brake pedal position ( 100)f 
equals fully depressed, brakes on) 

One revolution of right nose wheel 
equals 2 pulses. Computer nose 
ubeel counter resets at zero 
after 50 nose wheel revolutions 
(99 pulses) 


Average friction Average friction coefficient 

coefficient developed through aircraft anti-skid 

braking system 

The data presented in the Appendix have not been corrected for instrument 
zero shift errors, TCtose cases in which errors occur are obvious and must be 
considered when analyzing the data. 


AIRPORT 


Wallops 


I 


Lubbock 


Edwards 

I 


- Table of Contents 
ANTI-SKID 

None 


APPENDIX 


RUN NO. 


1 

2 

3 

1+ 

5 

6 

6 A 

7 

8 

9 

19 

20 
21 
26 

106 

10T 

108 

109 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 

60 

61 

no 

62 

63 

64 


Mk II 


Mk I II A 
Me IIIA 
Mk n 
Me IX 
Me IIIA 
Mk II 


Mk illA 


Mk II 


PAGE NO. 

166 - 16 " 

168-169 

170-171 

172-173 

174-175 

176-177 

176-179 

18C-181 

182-163 

184-185 

186-187 

188-189 

190-191 

192-193 

194-195 

196-197 

198-199 

200-201 

202-203 

204-205 

206-207 

208-209 

210-211 

212-213 

214-215 

216-217 

218-219 

220-221 

222-223 

224-225 

226-227 

228-229 

230-231 

232-233 

234-235 

236-237 

238-239 

240-241 

242-243 

244-245 

246-247 

248-249 

250-251 

252-253 

254-255 

256-257 


164 


Table of Contents. - 


Concluded 


AIRPORT 


RUN NO. ANTI-SKID 


PAGE NO. 


Edwards 


Edmonton 


Houston 


65 

Mk 

II 

258-259 

66 



260-261 

66 A 



262-263 

67 



26 U -265 

68 



266-267 

68 A 



268-269 

70 



270-271 

71 



272-273 

72 

Mk IIIA 

27 U -275 

73 



276-277 

Th 



278-279 

75 



280-281 

76 



282-283 

77 



28 U -285 

78 



286-287 

80 



288-289 

8l 



290-291 

lilt 

Mk : 

:i 

292-293 

llUA 



29 1»- 295 

iiUb 



296-297 

llltC 



298-299 

11 5 A 

None 

300-301 

115B 

None 

302-303 

116 

Mk II 

30lt-305 

117 



306-307 

11 8 


f 

308-309 

119 

Mk IIIA 

310-311 

120 

Mk IIIA 

312-313 

98 

Mk II 

31U-315 

99 

Mk II 

316-317 

100 

Mk IIIA 

318-319 

100A 



320-321 

101 



322-323 

102 

Mk II 

32U-325 

103 

Mk II 

326-327 

10 U 

Mk IIIA 

328-329 

105 

Mk IIIA 

330-331 










i 


HOT APPLICABLE 
(Ho braking during min) 


1 


167 











HOT APPLICABLE 
(Ho Braking during run) 























HOT APPLICABLE 
(So braking during run) 


173 

















































































UNCLAS 












































































** ’ mil mil '*?*»*- *■»• * * ■ < ; ™ 

























































































































































































































rr?e. 






























Rvi FRI 
































































































m i 



















































































































!► i 1 -i ;■ s. nj- * ■ ,? 


















PVt- FRICTION- COE 




























































































































































































































































RVs PR I 


























































































BI Hi il W 

mm 


HIHBai l 

i'f |§|!|!i ggiiijiliawaw 


m 


III! 


ill 


m 


l!HI!«a!IBt|Hli 

ffTM 


IftHijj 

illii 

iiSSiil 

\iwm 


iitaasi 


uni 

im 

hi 


hi 


Hi 


mi 


HI 


m 


! » » » * *• w# C* 1 «*#■ vi > r% - t/i rf- 

! £ £ “ ^8!? ~ ■: L : 

T~d ftJ t- £ ‘ • ** r . 

H t-( - r f : - 


IS! 


111 ! 


i ; : < I 

nr- 























\rnk' 




























































































HOT APPLICABLE 
(No braking during run) 


301 










nr 























/ 


{ 
































V 












REPRODUCIBILITY OF THE 
ORIGINAL PAGE IS POOR 


















































COE 
















friction cpEf , !• 1 , -S ! • - ' : -!;■ ! blRCRRF^ 











































flVlS FR! 
















five FRI 



















reproducibility of Tttt 
ORIGINAL PAGE IB POOR 









































FILMED 


SEP 2 1977 


